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EXAMPLE 9.13 Lateral Stress During Soil Consolidation in the Lab

A soil was consolidated in an oedometer to a vertical stress of 100 kPa and then unloaded incrementally to 50 kPa.
The excess porewater pressure is zero. If the frictional soil constant &, is 25°, determine the lateral stress.

Strategy The soil in this case becomes overconsolidated —the past maximum vertical effective stress is 100 kPa and
the current effective stress is 50 kPa. You need to find K’ and then K, using the OCR of your soil. (See Section 7.10.)

Solution 9.13
Step 1: Calculate K):

Equation (7.51): K¥=1—=sindl=1—=sin25 =058
Step 2: Calculate OCR.

Ly 100
OCR=—Y=——=2
g 50
Step 3: Calculate K.
Equation (7.52): K% = K"(OCR)" = 0.58(2)"* = 0.82

Step 4: Calculate the lateral effective stress.
o, = K)o, =082 x50 = 41kPa
Step 5: Calculate the lateral total stress.

o, =0+ Au=41 + 0 = 41kPa

A e #};‘h.ﬂ.-nf.,yr,ifn,fym




. . 23 &S coe
Ny (WL Hled (5594
:Gh':active = KAGV'_ZC‘\/ KA B

- - : 3gh o0 gt SBaal ol @
Oh passive KPGV +2C‘\/ KP

S S 3 Gos

o,=0 = K,y'z,, —2¢c/K; =0

2C ZCT

v'JKa

ZCT'

. - p— ..l'
S (G i R e
'-:".":“.;.".h- H'.:P.FI.-I.- I-E‘ﬂ. —'.__" .':'"u—.-




S S 3 o

e tcﬁ;‘*";‘sﬁf;!#ﬁ&u‘ﬁ&m‘b&l’)lﬁ°&i
h—ﬁ' o of = WSS Gl s el ad 518 0y S e (il sl i

o (‘r) = _(\T) _ B> ol oges g Ty saiand I Sy o b
__: i @ 35 )loges g0 oyl anlpy a5 Wlead esls ;Lis (Y) 4 (V)
k,o, Yevk, k,0,-YeVE, Al e (V) Hloges S5

(Ol oty S 55 9) o)lees poo)ly (8l als a2 O A VL 50 S (o0 aliadle 45 jshailen
el a5 058 o Sbul LELS S5 Gy S e5de Al o b es 4 aill e AES Ojged
Bk g Wy o0 e S 0 0 dais U 25 slaS 5 0gd laz o)lgs0 5l b cpl 0 Sl b igd o0
5 08,8 o yho (0,) 88l Lalls 2 o] elil & 4 conl o adly ;0 ol o o0ld Liulai 2, b &S Lyl
1oy Olgse 9,02
{a‘,:kaav—\’cE:kayz—Tc\/E: ka}’zcr—"c‘\/g“ = (R Ye

Jl.&...‘;liut.:.:o),.odi)o...\.bl.;ct:.'blaa,?,._ﬂa'}lw,c.ln.»L;”}gq Sad bl ST

Cadgi Glgi e g 48l il
o, =karz+kaq-\'c,/ka

A [ o g
Zo Ao $lp:o, = = kyyz, +k,q-Ye Jk; =+ = zc,.=7—-
riks 7

002 o2 Sln P9y Wlgiee G b Jlesl @ly o g O falS )z Glgiee 1 M1 L Cnl il
RV PR WL g8 g X VR V)

.._J}:w:..umﬂ,fﬁrﬁjym




wigh oo Tohae yj Ty 4 (2S5 S5 g9y slp A aw WS 0 O jea> plSin 4

23,5 oS> Jae i 9wl glLSI S (W

i) kggoes,Seslazul g 'l yyc sl a4 iS5 S5 Aulxe 0 cundlS Luld ol yo
iw2y9] sty @ (slie

A Yo' g
2 ;’:;k, 7
Sy 1 (0 S0 bl yid 0 £ oy S1B) ¢ =+ eyl g kil Ll ST (o
bl 4 azgi b g ook L5 sk Sobe |y 0 o Jed Sl b adie 12y denslons (sl 35 Lt 5o
WSSl pules S 25 CueST> g (0w 0ligS) w, S Sals A5k

o, =0k, -Yc\k, =+
Oy =YsatZcr 4 \'Cu q

R . o z = ok
= ‘ SI_"¢ = L =\ = rsdf 7sar
\+sing \+-

-

igdh T I AES oS5 B = lyd g plodl o 3 (g

S oalazl (7') s,98boe egams (39 5 Zop dpmsls dla,

et a1 T,ﬁ:ﬂ-_ﬁym




Jlo

-
aWil (Tension Crack) oaiS &y oL eli)ll Bl jled SO Cly o) 3,56 j0 1 O._a)..sqz:m«)
| 0023

ol yoiz Jio s p 55 (] Gos 3 S5 Slakde 4 4y b (I
e Wi dgus I Gas gy I LS S 5 0l Cully SIS 30 g9 L cle 4 ST (o
(A€ - syl Lulid)(5) Tauls oo il 3l
» 5 Clarde: r=YokNlmr,rs,,=TYkN/m", Su=AkPa,g,=-,7_j =\e kN/m"
O/e (o «Fro (A (Y Yre (o« Fre (& ()
Ore (o o Are (A (F Yo (o s Are (A (Y
Bl g (Sae oigS) ) Sl bals 2585 Cunog wlalp (W) S (0 285 S5 Ges 1o @
Wl ol g8 (G2ES S5 Gee deule A, 5l solized b (plply wgdige dmile J§ A5 CoaSl>
i WS putlys
2 Y, q/'_-_\'cu :YXA'=Am
Ysat Ysar ¥ Yt
(All o S suis 28505 o5y Cuaglie g il §, plea )
53¢5 Jg ol oSl e 0ligS Cundg wb b 4z ST 22T S5 ol Ol 5 pls 4 5 (@) Sl o U
ool 58 dedice has ¥ YU A, ;0 Yegr 9 00 S oS 5 o Ol Ssliulyyaie JLad Sl s SIS
b ogdise plyt (PES S 5 Ges Sl

Tcu YXAe
Zer = = ¥v—y.
Y

(F) 455 9 lige Lialidl (Y =A=0/7) 120 0 Iogas (W) Cl> &) G (AL S5 Got s

=YV arm

.._J}:w:..umﬂ,fﬁrﬁjym




T y9a2 b 951 59 3 daline

J2o 5 00l > S5 1 led ¢ 225 4l ;0 Ojee] 0 ws 7, AAT S5 les ety S e S
dloe gl (nlpla 3)l5 3929 SB- (g 5l (225 L )La8 el g sl () o &5 el Gl
S 533 oy opdige Aikdye IS ¢ S 055 GVl 39 SIS 4Y il 35 les o cslagys
&) )L Al 3 S e jlad Al e 55 9 o3 A aldl Sl Ly S O jgea el ol o

WS A2y dm Ao SO 4 £9d9e (nl e S0 Sl 005 o0 ()l Sy

* } Jea Jl S el o

ST e | st Bt 9 95 e
Sl R PO E P

- £

koyH Yevk, vevk, 0=k, vH-xevk,
dwl>s j' |) Fa JJJu 59y )Lﬁu R C)La' AN |E S e )L‘.‘.é &9 )IO,.o.; S5 L m-",‘!‘ksﬂ Jl.'r
el 25 O 9ot jlogel (pl ) lams

F, =%(kaa‘, Yo Jkg WH ~2)xL
lk,o,<k,yH Joes Jye
z, = Yc
¥ ka
= Fy =g rH —Ye [k H ~2o)xL =< 7ky (H - J,\;‘7’;)(:&' ~zg)xL
i i/

\
= =?7ka (H-z,)'L

.._J}:w:..umﬂ,fﬁrﬁjym




Sy Gos

(TF, =) @l ozl 15 lagei Jolas ey 52505 b g 435, 5 55 o S5 ilas 1, (S5 Bls S

A K H',}
H \t. ZFx=' a%kaay"HXL=YC\/kaxHxL
S A | =yH ;— fc
k,o, \'c'v’}; a

b3 ol Hor b1 ol aw @ nl 51 45 3900 030al (5,10,095° (Sl2u Gae VL a0 H glis)|
aizdl o 3l 5 slacdl H b acglio jo Jlais g0 (510,095 glai,l 4y ay
H<H, = sl Jul S o)lpo
H=H, = cul by, abal o S5 e
H>Hg = dpxe 98 9039 )labli (S o)lgo
D)0 3929 S hadl axl 0 5 I Dy Cuaglie glajall JLalS Sl Jee o a5 ST
olia 13 9)0nl 30yl @VL Sy plas 5 desyipui i @ ibte H = Hep byt b 058 (2! ol s
oo Bas o 4 &5 S (0n s |) 0055 ol ot slirabl e pd 4 Sl ek e b o

Dy s 45 5 (50 pogS
H

. L
S FSyJk,.
g a8l 2alS 38 b e e o] 902K )5 S e (59, § b b b K daslin i
99050 drlne 0 dlal,

Hy=

fc Yq

2

et a1 T M

Hcr=




S S 3 g (S g Gos abl

g, 511, o225 S5 Gee b ol A5 gl S cdl> 10 5,10 ,805 gl dee Al gy 500
2 Syse a1y 5,085 Jlu Ges Col)d g 03,5 duilne (sl S Cony j0) b 80l suily>

:pg),-' —— Ay
Hcr= Yzch
s (Saelye 58 Loy S13) sad 28 dald g gL S 0 Jls Gl 4
fc' Yq
H. =Yz > —
cr ¢ 7, ka ¥

--"-_ -.a-I' f}?d&“ﬂ"'ﬂﬁlrﬁl—hrth




39 Syl sws

azily Ll 4 a) o gly md ol (65l (oo 2 slool, 51 (S Ky i o 1) SO (S o Slg e
wad o Lis Ny bm U1y ol as 2al bl adl ge sl dae pU 4 (5520l 5 eolins (oo o0 55
g o 8T ) D3

Kile 4l PR RCH Y

Sy [y (Nyspops ) el 550l 00 39250 (slas1,0065 51,1 03pd Al SaS' b o5 g0 coss 5 (el 4
g (Ns}[a‘))'b‘u Sk dae (6w SO el duais 1S g S Sleogasr 4 axsi b S,b 5l .5l
ooly altes ;o o1 Jlada b g oud asl)| 2 )b & )jea 9,..... e N cpl 09d g0 Laseine alily (gl p
Cendy ) Sygeds Glyies e Ny g padta 5oy alily S glp 29290 Ny dlona b 095 g0

)5 pardu |y alil s g Il
{ Nsspg Z Ngtn, = ol jlasls ail s

N’ S Sl

Conl (I aily g )lul sue dilxe (glp o Jlasl atils oYL 2O 50 G by a5 00 01 &5

EERRRRRY
H cy N = L

N = ol b asl

pebed bas YH +q a0 )15 Ny dal) 75 0 a5 |, yH dle>

.._J;u}:.,uw;rﬁﬂ-fym




OFF silub sus

Tl Zumio 4935 o108 (FS =178 (ylsabl cu yud 058,85 a5 10 b oy SIS glaalil i 4o 2P Cr2 383 eoh
‘ v
(stlm= */Y)

[ ) . ot
c=§akPa ‘:' T &Llbl assl s \
L | ARSI c=x<kPa- S 59 »(
| L y=\AKNImY - om| PEREAE: s » . a AT e
i YR » i ::y--‘,ﬁkN/m.\" LI )LHL;L (Y) J&u - )L\.!.L‘o' (\) JS..a &:-le (Y
4 1 .~ map e '.‘:f,..-._ ._n. .',:.-",
PR g Alaubl assl 5 g0 o (Y

muse ol sy (V) JSS 9 bl (V) JSs il 5 (F

m..s‘:a 4.....1L3.. ol oold N.'I)l’ul"J 013 p.:.alg_"n |) 4..:..:';7 JD‘NS.)”,.‘CAM; U'-'-lJ"KSb" ng[rlﬂo

(ol TN 0 2. i - | :
= FSy H, e ARA Y < Vasee =0V D bl (1) JSo

Ye

|
N;
P39y
}
\_ e

M-*m- ¥ FSy . H, TWYOxVExD
Al o S ol e ey (F) 455l

-._J.:".',:,!_!.r:.u!lu'ﬂr'l.r';T:ﬁ‘r—Lf'lfl:u




LATERAL EARTH PRESSURES FOR A TOTAL
STRESS ANALYSIS — Active Case

Pcosth + T — Wsinth = 0

W = lyHS cot B

Slip plane

7.
1 =gl =all]l /50D) H
1 2 SHHO 1 2 2suHa P,
P=zyH} - —22_=_—yH?-= 1
2% " Ginocosd 2 ° sin20 H,
P e . |
d—ﬂ—4s,,H(,cot2ﬁcsc2ﬂ =10 6= 06,= 45 :
1 AN
P=P,=%yH? - 2,H "
" 2 Yo ol Tension crack. This crack can
If we assume a uniform distribution of stresses on the slip plane, | =z, = be filled by water. When this
: : happens, the critical depth
then the active lateral stress is 2, then extends to
(0x)a = v2 — 25, (0y)g=0 wmp Z =Zcr=T 2s
H, T =
If the tension crack is filled with water, the critical depth can L
extend to
r Zs‘u
La = —,
For an unsupported excavation, the active lateral force is also zero
1 ; 45 If the excavation is filled with water, then . = s,
- — —_ —_— u > -
E‘YHO_ZSHHO_O ‘ Ho_Hcr_ v ’ - -y'
3.65 3.8s : 3.65 385
. ‘< H,=< . = 4=  Design Values =) “=H|,=——=
‘Y, 7'

-‘:'_..-!-a-ll fkd}uﬂﬁlﬂ;‘lﬁr—bﬂ'hﬂa




LATERAL EARTH PRESSURES FOR A TOTAL
STRESS ANALYSIS — Passive Case

The passive lateral earth force for a total stress analysis, following a procedure similar to that for the active state above,

can be written as

1 >
P,=—-vH, + 25,H,

2
the passive lateral pressure is (U_r)p = vyZ + 25,
For the undrained condition (O'.r)a = 0; — KauSu

(0,)p = 0, + K, 8,

where K,, and K, are the undrained active and passive lateral earth pressure coefficients. In our case,

for a smooth wall supporting a soil mass with a horizontal surface, K, = K, = 2.

Walls that are embedded in fine-grained soils may be subjected to an adhesive stress (s,,) at the
wall face. The adhesive stress is analogous to a wall-soil interface friction for an effective stress analysis.
The undrained lateral earth pressure coefficients are modified to account for adhesive stress as

Koo =Ky =21+

pu ®
Su

THE ESSENTIAL POINTS ARE:

1. Lateral earth pressures for a total stress analysis are found using apparent lateral earth pressure
cocfficients K, and K,,.. These coefficients are applied to the undrained shear strength. For smooth,
vertical walls, K, = K, = 2.

2. Tension cracks of theoretical depth 2s,/y. or 25, /v’ if water fills the tension cracks, are usually formed
in fine-grained soils and they modify the slip plane. If water fills the cracks, it softens the soil and a
hydrostatic stress is imposed on the wall over the depth of the tension crack. You must pay particu-
lar attention to the possibility of the formation of tension cracks, and especially so if these cracks can
be filled with water, because they can initiate failure of a retaining structure.

ety o= s . 3. The theoretical maximum depth of an unsupported vertical cut in fine-grained soils is H,, = 4s,/y or,
- =it 1 g i £ i ..'_'_l - . -
X e el 0 I"'Iil:l‘l:l""-f""',"" if the cut is filled with water. H.,, = 4s,/v'".




Design of Retaining Wall - in granular soils

g : :
Block no.
K F
- .-
toe .
toe

W, = weight of block i

X; = horizontal distance of centroid of block i from toe

Analyse the stability of this rigid body with

vertical walls (.. Rankine theory valid)
v

| = p— ..l'
S [ My X 4, R § e
'-I-".'rll';.".h IJ'.__".FI.-I.- I-F.—"_" .':"*u—.-




Safety against overturning about toe

_ :Pph/3+Z{Wixi}
overturning PA H/3

to be greater
than 2.0

&% , tojj R

| = p— ..l: &
e e A | .'-:-*u-'.-




Safety against sliding along the base
—  soil-concrete friction
I:)P T Z{\NI} tan@ angle=0.5-0.7 ¢

sliding — D
A

[ to be greater than 1.5

2 2
H
F’A'
o
y
P,=0.5 Kyyh2 | A A P,= 0.5 K, yH?

1 - ) .J:- 5
e e B | o el




basic understanding of lateral earth pressures :

1. The earth-retaining wall is vertical.
2. The interface between the wall and soil is frictionless.
3. The soil surface is horizontal and no shear stress acts on horizontal and vertical boundaries.

4. The wall 1s rigid and extends to an infinite depth in a dry, homogeneous, isotropic soil mass.
5. The soil is loose and initially in an at-rest state.

(o3)f 1 —sind’ . &’ '
——E : ,=lan'(45°— )=K,, ﬁ:,.ﬁc_i
(o) 1+ sind 2 S 2 1
K. =—
(ﬂ',)' 1 + Sin(l)r d)’ (,b' P K“ (rl — U_r — -
S =tan3(45°+ 2):[{p HI,:450—7 Z 1 Yz
3 1 — sind’ ; ;
(o3)y b o.=c=Ko]=K,y'z
Mohr-Coulomb failure line
Wall =
Pole for lI !z
active state Wall after rotation —
<— Back of wall I
Front of wall "+ l«—K Y'z
: c i B A
= % O — -3 B ---- Initial (at rest)
Pole for
passive state
4504+ ¥
FIGURE 15.3 Mohr's circles at rest, active and passive states.
YZ Yz
Kyz:— B < K, vz
Passive Active
FIGURE 15.2 Stresses on soil elements in front of and
behind a retaining wall.

| = p— ‘.I' &
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f—k,yH,— f—— L [~
. K.yH, K
(a) Passive (b) Active (c) Hydrostatic pressure (d) Surface stress

FIGURE 15.6 Variation of active and passive lateral earth pressures, hydrostatic
pressure, and a uniform surface stress with depth.
H For soils above the groundwater level
(60)e =Kot =Koy'z p = | k 7 = L o -
A ay 3 ay iy Yy =%
i for soils below the groundwater level

1
(o) = Kpoi = Kyyz Py = | Kyv'z =7 K v'H:

o

Y = (Ysat — Yw)

- '
(Ux)a o KGUZ + Kaqs £ (u)a and the hydrostatic force is

Kpug + qus + (u)p Pw=%ywhf;

(Ux)p

f;'fc)}:uﬂﬂ"lﬂalr:k?;r—w'#i:u




EXAMPLE 15.1 Lateral Earth Pressure and Force

Determine the active lateral earth pressure on the frictionless wall shown in Figure E15.1a. Calculate the resultant
force and its location from the base of the wall. Neglect seepage effects.

You = 20 KN/m?
5mig ¢ =30°
[— f——1

le

17 kPa 49 kPa
(a) Wall (b) Lateral pressure (¢) Hydrostatic
FIGURE E15.1 from soil pressure

Strategy The lateral earth pressure coefficients can only be applied to the effective stresses. You need to calcr
late the vertical effective stress, apply K, and then add the porewater pressure.

Solution 15.1

Step 1: Calculate K.

o 1 —sind” 1 -sin(30°) 1
“ 1+sind’ 1+sin(30°) 3

2 B ‘L' L= 2 o 30°) - l
or tan (45 2) tan (45 > 3

e i ,_.._.-! il i l_'.»b‘r?“r el




Step 2: Calculate the vertical effective stress.

Atthe surface: o, =0, u =10
Atthe base: o! = y'H, = (20 — 9.8) x 5 = 51kPa
u—-=vy,H,=98 x5 =49kPa

Step 3: Calculate the lateral effective stress.

1
(0}), = Kol = 3 » 51 = 17 kPa
Step 4:  Sketch the lateral earth pressure distributions.
See Figure E15.1b, c.
Step 5:  Calculate the lateral force.
P,= P, + P,

where P, is the lateral force due to the soil solids and P,, is the lateral force due to the porewater.

P, = %(0;)‘,11(, + %uHo = (% X 17 X 5) + (% X 49 X 5) = 165 kN

Step 6:  Determine the location of the resultant.

Since both the lateral earth pressure and the porewater pressure distributions are triangular over the

whole depth, the resultant is at the centroid of the triangle, that is,Z7 = H,/3 = 5/3 = 1.67 m from the
base of the wall.

e s ST




EXAMPLE 15.2 Lateral Earth Pressure in Layered Soils

For the frictionless wall shown in Figure E15.2a, determine the following:

(a) The active lateral earth pressure distribution with depth.
(b) The passive lateral earth pressure distribution with depth.

q,= 20 kPa

Lateral active pressures (kPa)

Lateral passive pressures (kPa)

Hy=2m Vo= 19 kN/m?
9 0= 220____
H2 =4m
Your = 20 kN/M?
¢'=30°
39.2 122.4 Base 6 127 136 392
FIGURE E15.2 (f) Porewater (e) Soil  (a) Wall (b) Surface stresses  (c) Soil (d) Porewater

(¢) The magnitudes and locations of the active and passive forces.
(d) The resultant force and its location.

(e) The ratio of passive moment to active moment.

Strategy There are two layers. It is best to treat each layer separately. Neither K, nor K, should be applied to the
porewater pressure. You do not need to calculate K, for the top soil layer. Since the water level on both sides of the
wall is the same, the resultant hydrostatic force is zero. However, you are asked to determine the forces on each side of
the wall; therefore, you have to consider the hydrostatic force. A table is helpful to solve this type of problem.

f;'fc)}:uﬂﬂ"lﬂalr:k?;r—w'#i:u




Solution 15.2

Step 1:  Calculate the active lateral earth pressure coefficients.

I 259
Top layer (0-2m): K, = tan’ (45° = -2) = tan’ (45c - ) =041

2 2
ﬂ ¢ ) 2 ( 300) 1 1
Bottom layer (2—-6m): K, =tan"(45° — — | = tan" | 45° — == K,=—=3
preid—Gim) ( 2 2) 3 7K,
Step 2:  Calculate the active and passive lateral earth pressures.
Use a table as shown below to do the calculations, or use a spreadsheet.
Depth‘ u 0'; 0:-, - Uz - u ‘0",). b .0’;

Active (m) (kPa) (kPa) (kPa) (kPa)
Surcharge 0 0 20 20 0.41x20=8.2
2-6 0 20 20 1% 20 =67
Soil 0 0 0 0 0
2 0 viHi=19x 2 =38 38 0.41 X 38= 15.6
z* 0 yiHy = 19 % 2 = 38 38 3% 38 =127
& ywH, =98 x 4 viHy + yoHs 78.8 1x 788 = 26.3

=392 =19X2+20X4=18

Passive (m) (kPa) (kPa) (kPa) (kPa)
Sail 0 0 0 0 0
4 voH> =98%x4=392 y,H,=20x4=80 40.8 3 X 40.8 = 122.4

*The — and + superscripts indicate that you are calculating the stress just above (- ) and just below (+) 2 m.

See Figure E15.2b—e for the pressure distributions.

Sl e T




Step 3: Calculate the hydrostatic force.

1

P, = —vy,Hj;

2

_ % ¥ 9.8 % 42 = T84 kN

Step 4:  Calculate the resultant lateral forces and their locations.

See the table below for calculations. Active moments are assumed to be negative.

Active Depth Force Moment arm Moment

Area (m) (kN) from base (m) (kN.m)
1 0-2 82x 2= 164 4+ 1=5= 442 —-82.0
2 2-6 6.7 X 4= 26.8 % = 2 —53.6
3 0-2 3} %156 x 2= 156 i+a=467 -729
4 2-6 12.7 X 4 = 50.8 % = 2 —101.6
5 2-6 3IxX136x4=272 s -36.3
6 (water) 2-6 78.4 £ -104.5

3 Active lateral forces = 215.2

3 Active moments = —450.9

Passive Depth Force Moment arm Moment
Area (m) (kN) from base (m) (kN.m)
7 2-6 3% 122.4 X 4 =2448 = 3264
8 (water)  2-6 78.4 3 104.5

3. Passive forces = 323.2

Y passive moments = 430.9

f;'f,;;}:fl:l,;‘-'ﬂ'"rlalr - dem e




Step 5:

Step 6:

Location of resultant active lateral earth force:

- 2 Moments 4509

= = = 2.09
> Active lateral forces 215.2 m

4
Location of passive lateral force: p = 3 1.33m

Calculate the resultant lateral force.

R, =P, — P,= 3232 — 2152 = 108 kN/m

Calculate the ratio of moments.

2 Passive moments  430.9

= = 0.96
> Active moments 4509

Ratio of moments =

Since the active moment is greater than the passive moment, the wall will rotate.

e s ST




COULOMB’S EARTH PRESSURE THEORY

Failed soil wedge

fe——H cot6 ——|

2F, =P+ Tcos — Nsint =0
SF.=W — Tsint — Ncost = ()

W= %yHﬁ coth

T = Ntand'’

=% HZcot 6 tan (6 — &)

(a) Retaining wall (b) Free-body diagram of failed soil wedge
FIGURE 15.7 Coulomb failure wedge.

- i) = l any,
2 2 o

K, = cos (b — n) _
! - sin(db’ + 8)sin(db’ — [5)} ]

cos“mcos (n + 8)[1 + { o T e

K = cos’ (¢’ + m)

" cos’ncos(n — 8)[1 - {sin(¢' + Bisinig’ ¥ ﬁ)}lﬂ]z

- ..'f,,_.,y:,x-,wu:f.az',.yy&, cos(n — &)cos(n — B)




TABLE 15.1 Correction Factors to Be Applied to K,c to Approximate a Logarithm
Spiral Slip Surface for a Backfill with a Horizontal Surface and Sloping Wall Face

8/’

d' -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
15 0.96 0.93 0.91 0.88 0.85 0.83 0.80 0.78
20 0.94 0.90 0.86 0.82 0.79 0.75 0.72 0.68
25 0.91 0.86 0.81 0.76 0.71 0.67 0.62 0.57
30 0.88 0.81 0.75 0.69 0.63 0.57 0.52 0.47
35 0.84 0.75 0.67 0.60 0.54 0.48 0.42 0.36
40 0.78 0.68 0.59 0.51 0.44 0.38 0.32 0.26

The inclination of the slip plane to the horizontal for a horizontal backfill is

(sin &' cos )72
cos &'{sin (' + 8)}"/2

where the positive sign refers to the active state (8 = 6,) and the negative sign refers to the passive state
(6= 6,).

tanb = *+ tan ¢’

—‘_

S
Sy

Q

[+l

" v s . — ’ .
R ?fté‘)f'#%zbﬁﬂja I:z"-‘fiﬁ.-u I




Wall Movement

Py = P,cos (8 + m):
P,. = P,sin (& + 7).
Ppy = Ppcos (6 + 1)
P,. = P;sin (8 + m)

-

Movement

6 for the interfaces of coarse-grained soils and concrete or steel walls range from

%q;' to &', with % &' most commonly used.

THE ESSENTIAL POINTS ARE:
1. Coulomb’s analysis of the lateral forces on a retaining structure is based on limit equilibrium.

2. Wall friction causes the slip planes to curve, which leads to an overestimation of the passive earth
pressure using Coulomb’s analysis.

3. For calculation of the lateral earth pressure coefficients you can use Equations (15.16) and (15.17),
and correct K,¢ using the factors listed in Table 15.1.

. The active and passive forces are inclined at an angle 8 from the normal to the wall face.
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RANKINE’S LATERAL EARTH PRESSURE FOR w') Sl ZM“ w“’)

A SLOPING BACKFILL AND A SLOPING WALL FAC

~ cos(p - n)V1 + sin?¢’ — 2sind’ cosw,

" cos’n(cosp + Vsin® ' — sin’p)
-
cos(p — n)\/l + sin’d/ + 2 sind’ cosw, e
PR = > = = R4 P
cos2n(cos B — Vsin®d' — sin? B) -'-;;Sa;_.
_ TReTy
_ a1 SIDP £ae
w, = sin (simb’) — B+ 2q ’:{'.;
SN
[ sinp H 5 REEs
wp = Sin 1(Sin(b,)+[:’.—2n ”
_m ¢ B 1. ,snp
V=g +3 T3 28 (sin(b')
_= ¢ B .1 1(5““3)
BP—4 2+2+25m sind 3
1 1 i
Po=3Kuy'H} and P, = ZKpey'H,
_ g __sind’sinb, )
= 1an (1 — sind’ cost,
. 2 210
sind’ sinf, K. — 1 cCosp3 — Vcos B — cos™d
EP - tan—l( T ) arR — K a COSB : 2 2
1 + sind’ cosh, PR cosp + \/COS'B — cos“db’
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APPLICATION OF LATERAL EARTH
PRESSURES TO RETAINING WALLS

Failure modes for rigid retaining walls
Slip

Types of rigid retaining walls.

(c) Counterfort wall (d) Buttress wail

Failure modes for rigid retaining walls

Bearing capacity Landslide

(a) Sliding or transiational failure (b) Rotation and bearing
@ capacity fallure
D _f\ l‘—

X
J 1
., 1
1
i

) Crack

.....
(c) Deep-seated fallure {d) Structural fallure




g Failure modes for flexible retaining walls.
fa) :s;lever r_b)mn:a: or tie-back ty 7 }
Prop
(a) Deep-seatad fallure (b) Rotation about the anchar/prop

m

=

—~~
Types of flexible retaining walls |

(<) Rotation near base (d) Fallure of anchee/prop (¢) Fallure by bending

e

Sall

{c) Propped

Impervious fill

Two types of drainage system {}q‘"‘
behind rigid retaining walls [.:é:’ :

e
?é“'q

S Geatextlle

Drainage blanket

Impervious 11l

e Sl o b (a) Simple vertical drain (b) Inclined crain (after Sibley, 1967)
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Geotextile

>4 (to ensure a high rate of flow of water)

< 4 (to prevent the filter soil from being washed out)

Riprap
protection

Geotextile
Filtered

soil
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Exercise 14.3
Assume the height of the wall shown in Figure 14.3 is 3 m high.

(a) Determine the average flow rate into the drainage blanket if £ = 0.003 cm/s.
(b) Determine the porewater pressure distribution just before the inflow face of the drainage

blanket.
(c) Calculate the average lateral force from the porewater pressure.

Drainage
blanket

Fan
B0
iy

Concrete

A >
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Solution 14.3

k=0.003 cnv/s, Ng = 7 (average), Ny =7

a)
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b)

Ny 7

N¢ 7

AH (m) 3

Ah (m) 0.429

Parameters Under base of dam

Ng (m) 0.375 0.75 1.125 1.5 1.875 215 2.625

Ny Ah (m) 0.161 | 0.321 | 0.482 | 0.643 | 0.804 | 0964 | 1.125

h, (m) -0.375 | -0.75 | -1.125 | -15 | -1.875 | -2.25 | -2.625

h, (m) = NsAh-h, 3.214 | 3.429 | 3.643 | 3.857 | 4.071 | 4.286 | 4.500
31.532 | 33.634 | 35.736 | 37.839 | 39.941 | 42.043 | 44.145

u (kPa) = h,y,,

¢)

0.375
Ry =—5—[31.53 + 44.145 + 2(35.74 + 39.94) + 4(33.63 + 37.84 + 42.04)]

= 85.13kN/m




Exercise 14.11

A retaining wall has a vertical drainage blanket (Figure P14.11). After a heavy rainfall, a steady-
state seepage condition occurs. Draw the flownet and determine the porewater pressure
distribution acting on a potential failure plane 4B. The hydraulic conductivity is 1.8 x 10™ cm/s.

, Ji]
%44 Drainage blanket /
i ek
{ /
i ;
P / § y /
2 /
5 26 / 5m
: s "/ |
45 e
% /" Select points approximately at equal distances along the failure surface. In this case, 6 points are
SeD selected at a distance along the failure line of 5.78 m /5 = 1.156 m. You can also select points at
: 3 60 the intersection of the equipotential lines with the failure surface. The reason for selecting the

points at equal distances along the failure surface is because it is easier to calculate the force

Drainage pipe from the porewater pressures using Simpson’s rule.

Ng 7

FIGURE P14.11 N; 6
AH (m) 5
Ah (m) 0.714
Parameters
Point 1 2 3 4 5 6
Ng (m) 7 6.1 53 4.5 2 0
Ng Ah (m) 500 [ 436 | 3.79 | 3.21 | 1.90 | 0.00
h, (m) 5.0 | 400 | 3.00 | 2.00 | 1.00 | 0.00
h, (m) = NjAh-h, 0.00 | 0.36 | 0.79 | 1.21 | 0.90 | 0.00
u (kPa) = hyy,, 0.0 15 77 | 119 | 88 | 0.0

A ,_,.,.- #}L,h;:neuﬂ;T,b?ﬂ;_L#'hiiJ




Solution 14.11

porewater pressure (iPa)
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'STABILITY OF RIGID
RETAINING WALLS

1 Translation
sliding resistance is T = R, tan &} for an ESA,

(FS)r=—; (FS)r=15

Pa

1 2
dbp=5bs to —d5

FS)r =
(FS)r PucOSBy + (W, + W, + P )sinf,

5o B/cos B,

(FS)r = Pycoshy + (W, + W, + Py )siné,

If6,- 0 == (FS), = S
Py

2 Rotation

_ Wexe + Wox, + Pox, — PuT,
(W, + W, + P.)cos8y — Pgsiné,

X,

and x = x,cos 0.

Sl e T

[(W, + W, + P, )coshy — Pgsinf,] tan & ESA

TSA

If oy = () =)

T i 3 x R
Y
- -
R )

P

-
=
&l:
X
y |

g
—

-’
]

(k) Cantllever

3 Bearing Capacity
(02)max = qa

4 Deep-Seated Failure

5 Seepage

. ICf
_—

mer = (FS),

where 7, is the location of the active lateral earth force from the toe. The wall is safe against rotation if
B/3 = X = 2B/3;thatis,e = |(B/2 — X)| = B/6, where e is the eccentricity of the resultant vertical load

Wozy + Wox, + Pox, — Pul,
W+ W, + P,

x =
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I EXAMPLE 15.3 Mass Gravity Wall

A gravity retaining wall, shown in Figure E15.3a, is required to retain 5 m of soil. The backfill is a coarse-grained soil
with vy,,, = 18 kN/m*, &/, = 30°. The existing soil (below the base) has the following properties: y,,, = 20 kN/m’, b, =
36°. The wall is embedded 1 m into the existing soil and a drainage system is provided, as shown. The groundwater level
is 4.5 m below the base of the wall. Determine the stability of the wall for the following conditions (assume & = 20°):

Drainage blanket

Backfill

L

FIGURE E15.3a Concrete, 7, = 24 kN/m?

(a) Wall friction is zero.
(b) Wall friction is 20°.

(¢) The drainage system becomes clogged during several days of a rainstorm and the groundwater rises to the
surface. Neglect seepage forces.

The unit weight of concrete is y, = 24 kN/m’.

e s ST




Strategy For zero wall friction, you can use Rankine’s method. But for wall friction, you should use Coulomb’s
method. The passive resistance is normally neglected in rigid retaining walls. Since only active lateral forces are
considered, K, from the Rankine and Coulomb methods should be accurate enough. Since groundwater is below

the base,y" = 7y over the wall depth.

Solution 15.3
Step I: Determine K.

. s 00
Rankine: & =0, K = tan (45" - ¢—) = lan2(45° e ) -1

2 2 3
Coulomb: & =20°, &' =d. B=0. m =0 andfromEquation (15.16),

2
cos (307 — 0°)
- cos’0°cos (0° + 20")[1 + {Sinwoo + 20°) sin (30° — 0°)}1Q]2 o
cos (0° + 20°) cos (0° — 0°)

Step 2: Determine the lateral forces.

All forces are per unit length of wall.

1 1 1
Rankine: Pup = 3K, 2= FXFX18 X 57 = 75kN
P,r acts horizontally because the ground surface is horizontal.
Coulomb: Puc = %Kac,_Hﬁ = % X 0.3 X 18 x 57 = 67.5kN

P, acts at an angle & = 20° to the horizontal (see Figure E15.3b).

Horizontal component of P,: (P )c = Pyccosd = 67.5cos20° = 63.4 kN
Vertical component of Pz (Pa;)c = Pucsind = 67.5sin20° = 23.1 kN

e s ST




P, = 67.5 kN (Coulomb)

fo=oml 1 42@
P, = 75 kN (Rankine)
; - s
0 'l -1|.A
by=36m b,=0.6m
FIGURE E15.3b B=42m———

Step 3: Determine wall stability.
Consider a unit length of wall.

W, = b,H,y. =5 % 0.6 X 24 = T2 kN

1 1
W; = §b|H,,-yc - 3 X 3.6 X5 X24=216kN

W=W, + W, =72 + 216 = 288 kN

W= %(B + b)H,y, = %(4.2 +0.6) X 5 X 24 = 288 kN

Calculate the location of the resultant from O (Figure E15.3b).

e s ST




2 5
Rankine: Mo = Wix; + Woxy; — Py = 72(3.6 + 03) + 216 X (E X 36) — 75 X 5 = 6742 kN.m

R. = W = 288 kN

__ My 6742
X = R = 388 =234 m
Coulomb: MO - W|xl + Wsz + (Paz)c x B — (de)c X Ea
= 72(3.6 + 0.3) + 216 X @ X 3.6) +231 X 42 — 634 X %= 790.6 kKN
__ My 7906
e T T

>
-~

2 2
Base resistance: T = R; tan & . where R; is the resultant vertical force. Assume ¢, = 34),, =3 X 36° = 24°.

Rankine: 7 = 288 X tan24° = 128.2kN
Coulomb: 7 = (288 + 23.1) X tan24° = 138.5kN

et a1 T,E'-";H_f'mh




T 1282

Rankine: (FS); = = 1.7 > 1.5; therefore satisfactory

Pe 75
Coulomb: (FS);= ( PT) = 16338f =22 > 1.5; therefore satisfactory
ax/C .

With wall friction, the factor of safety against translation is greater than without wall friction.

Determine Rotational Stability

Rankine: e = g— x| = %— 2.34‘ =024 m
Coulomb: e = %—-? = 45—2—2.54| =044 m
B 42
—=—=07>e¢
e : 0 e

The resultant vertical forces for both the Rankine and Coulomb methods lie within the middle one-third
of the base and, therefore, overturning is unlikely to occur.

Determining Factor of Safety Against Bearing Capacity Failure Since the resultant vertical force is
located within the middle one-third. tension will not develop in the soil

e s ST




(e = o1+ 55)

A B
288 6 x 0.24
Rankine: [(o)marlr = 17 % 1(1 - 73 )= 92.1 kPa
. 6 % 0.44
Coulomb:  [(0,)maclc = 432“><11 (1 t— ) = 120.6 kPa

The maximum stress occurs at A (Figure E15.3b) for both the Rankine and Coulomb methods. The base
of the wall can be taken as a strip surface foundation, that is, B/L — 0,and D; = 0.The groundwater
level is below B = 4.2 m from the base, so groundwater would have no effect on the bearing capacity.

The resultant force, R, is eccentric and inclined to the vertical (Figure E15.3c¢). Therefore, you should use
the bearing capacity equation for inclined load with the width modified for eccentricity.

FIGURE E15.3¢c V

H 75 H
Rankine: H = P,p = 75kN; V,=R.=288kN, — ==-—=1026; o =tan — = tan_' (0.26) = 14.6°
vV, 288 v,

= 0, forastripfootingg B'=B —2e=42-2x024=372m

e s ST




T r n+l
n= (2 +%)/(1 + f—) =% = (1 - %) = (1 — 026)** = 041

N, = 0.1054 exp (9.6d5) = 0.1054 exp (9.6 X 36 X l) =439

180
gu = 0.5yB'N,i, = 0.5 X 20 X 3.73 X 43.9 X 0.41 = 653 kPa
qu 653
FS)g = = =71>3; oka
B8 = (o 921 d
H 63.4
Coulomb: H = (Pg)c = 63.4kN; V, =R, = 311.1 kN, = = 0.20;
Vv, 3111
=, H . o, — a
® = tan Voo tan"'(0.2) = 11.3
% =0, forastripfooting: B'=B—2e=42-2x044=332m
- Br Br - ) o H n+1 B 241 B
n= (2 + L,)/(l + L,) S b (1 - V,.) = (1 - 020)**' = 0.51
N, = 0.1054 exp (9.6 b}) = 0.1054 exp (9.6 X 36 % 1%) =439
g, = 05yB'N,ji, = 0.5 X 20 x 3.32 X 439 x 0.51 = 743 kPa
ES)e—— 0 _ _ M oo d clkuy

((0)malc 1206

.._J;m}:.,unfm;rﬁﬂym




Step 4: Determine the effects of water from the rainstorm.
Using Rankine’s method (zero wall friction)

P = S Kay B2 + 3y =3 % 3 % (18 = 98) X § + 2% 08 x § = 342 + 1225 = 156.T kN

Location of resultant from O

MO = W|x| + szz - PEREII = 72(3.6 + 0.3) + 216 X (% X 3.6) — 156.7 % % = 538 kN.m

_ M, 538

X = TR 1.87m
Translation

_ 915 _
(FS)r = 567 062 <1
The wall will fail by translation.
Rotation
I o Y . v
e—|2 x‘—|2 1.87‘ 0.23<6( 0.7)
The wall is unlikely to fail by rotation.
Bearing capacity
288 6 % 0.23
: = — | =9
(o2 )maslr = 75— 1( =0 ) 1.1 kPa

The maximum stress now occurs at @ rather than at A.

.._J;u}:.,uw;rﬁﬂ-fym




The eccentricity of the resultant force, R, is now on the opposite side of the centroid (Figure E15.3d).

- 2.1m >
H—44 |
w
R ]
FIGURE E15.3d V.
H 1567 H
H= Py =156.7kN; V,= R, = 288kN, = =0.54; ® = tan™’
vV, 288

B'=B—-2=42-2Xx023=374m

_ B’ 'Y _ & 3 - H\™' _ 241 _
n_(2+L')/(1+L')_2' :Y—(l Vn) =(1-054)"" =0.1

Gu = 05yB'N,i, = 0.5 x (20 — 9.8) X 3.74 x 43.9 x 0.1 = 83.7 kPa

du__ _ 837 _
[ ATE

(FS)g = 0.9 < 3; not okay

The wall will fail by bearing capacity failure.

e s ST

— = tan"'(0.54) = 28.4°
Vs




EXAMPLE 15.4 Cantilever Gravity Wall

Determine the stability of the cantilever gravity retaining wall shown in Figure E15.4a. The existing soil is a clay and
the backfill is a coarse-grained soil. The base of the wall will rest on a 50-mm-thick, compacted layer of the backfill.

The interface friction between the base and the compacted layer of backfill is 25°. Groundwater level is 8 m below

the base.
q, =20 kPa
0.4m W
[~ %
A kN o 3
Batter |[sraf: = 18KN/M
1:20 sl s 0‘3 =25
’ 5=15°
6.1m
Backfill
09m
|
I g = 19 kN/m?
Existing O = 32:
FIGURE E15.4a s0il 0y =

e s ST




Strategy You should use Coulomb’s method to determine the lateral earth pressure because of the presence of
wall friction. The height of the wall for calculating the lateral earth pressure is the vertical height from the base of
the wall to the soil surface. You should neglect the passive resistance of the 1.0 m of soil behind the wall.

Solution 15.4

Step 1: Determine the active lateral force and its location.
See Figure E15.4b.We are givenm = 0,8 = 8°,8 = 15°,and &', = 25°. Therefore, from Equation (15.16),
cos’(25° — 0)
sin (25° + 15°)sin (25° — 8")}"’-’]2
cos (0° + 15%) cos (0° — 87)
H,=09 + 6.1 + 3.0tan8" =742 m

=041

KaC =

cos’0°cos (0° + 15°)[1 - {

0.42m

2.75m

0.9m

FIGURE E15.4b

e s ST




Step 2:

Soil mass

All forces are per meter length of wall.

Lateral force from soil mass: P, = %KGCY_H?, = % x 0.41 X 18 x 7.427 = 2032 kN

Horizontal component: F,; = Pyccosd = 203.2cos 157 = 196.3 kN
Vertical component: F,; = Pyesind = 203.2sin 157 = 52.6 kN

Surcharge

Fy = KocgsHocosd = 041 X 20 X 7.42 X cos 15° = 58.8 kN
F, = Kscq; Hysind = 0.41 x 20 X 742 X sin15° = 15.7kN

Resultant force components

Pu = Fau + Fy = 1963 + 58.8 = 255.1 kN
P, = F, + F, =526 + 15.7 = 683kN

Determine the resultant vertical force per unit length and its location.

A table is useful to keep the calculation tidy and easy to check.

.._J;m}:.,unfm;rﬁﬂym




Moment arm

Part Force (kN/m) from toe (m) Moment (+kN.m)
1 05xX042X3X18=13 3.80 429
2 3xX6.1x18= 3294 3.30 1087.0
3 0.4 X 6.1 X 23.5 = 573 1.60 91.7
- 0.5 x 0.36 X 6.1 X 23.b = 25.8 1.28 33.0
5 09x 48x 235 = 10156 2.40 2436
6 3 x 20 = 60.00 33 198.0
25856.3 21696.2(+)
Paz 68.3 48 327.9(+)
R; = 6b3.6 X Moments = 2024.1(+)
N 255.1 2.75 701.5(—)
Mo = 1322.6(+)
The location of the resultant horizontal component of force from the toe is
H, H, 7.42 7.42
Foe—4+F,— 1963 X—+EX——
= = z 2 2 - 275 m
F, + F, 196.3 + 58.8 '
The location of the resultant vertical component of force from the toe is
- 13226
Xx= = = 2.02
R; 653.6
Step 3:  Determine the eccentricity.

B _ 48
=l=-=-Xx|=|—-202|=0.38
€ LZ r‘ ‘2 ZOQ‘ 38 m

e s ST




Step 4 Determine the stability.

Rotation

B 48
N = < =0.8m > ¢ (= 038 m); therefore, rotation is satisfactory

Translation
T = R;tand} = 653.6 x tan25° = 305 kN/m
(FS)f = —=—=—=—=-=1.2 < 1.5 therefore, translation is not satisfactory

In design, you can consider placing a key at the base to increase the factor of safety against translation.

Bearing capacity

R. 6e 653.6 6 % 038
("‘)"“‘"Bxl(l F) 4.8x1( 18 )‘201kpa

B =B—2e=48 —2 x 038 =406 m
H 2551
V. 6536

H = P, =255.1kN; V, = R. = 653.6kN,

H
» = tan"'— = tan"'(0.39) = 21.3°

Va
B Bl Br o H n+l B sl
.= (2 + L,)/(1 + L,) =2 = (1 v,.) = (1 - 039 = 0.3
N, = 0.1054 exp (9.6 d;) = 0.1054 exp(9.6 X 35 X 1%) =372
g, = 05yB'N,i, = 0.5 x 19 X 4.06 X 37.2 x 0.23 = 330kPa
330
(FS)p = —u =16<3

(0)ma 2015

e I T M s Therefore, bearing capacity is not satisfactory. Increase width of base.




Exercise 14.11

A retaining wall has a vertical drainage blanket (Figure P14.11). After a heavy rainfall, a steady-
state seepage condition occurs. Draw the flownet and determine the porewater pressure

distribution acting on a potential failure plane 4B. The hydraulic conductivity is 1.8 x 10™ cm/s.

e
fiz

FIGURE P14.11

AT 3 S P AL I B S0

B

; Drainage blank

et/
/

Em

Drainage pipe

.: - __,}réﬁ,x(yufrpﬁ,.‘fk&J

Solution 14.11

4

\

\

|

\

\

b

B

y

v st IOy

5m

N U @ u oW D W

datux

Select points approximately at equal distances along the failure surface. In this case. 6 points are

selected at a distance along the failure line of 5.78 m /5 = 1.156 m. You can also select points at
the intersection of the equipotential lines with the failure surface. The reason for selecting the
points at equal distances along the failure surface is because it is easier to calculate the force
from the porewater pressures using Simpson'’s rule.

Ng 7

N; 6

AH (m) 5

Ah (m) 0.714

Parameters

Point 1 2 3 4 5 6
Ng (m) 7 6.1 5.3 4.5 2 0
N4 Ah (m) 500 | 436 | 3.79 | 3.21 | 1.90 | 0.00
h, (m) 5.0 4.00 | 3.00 | 2.00 | 1.00 | 0.00
h, (m) = N;Ah-h, 0.00 | 0.36 | 0.79 | 1.21 | 0.90 | 0.00
u (kPa) = .., 00 | 35 | 7.7 | 119 | 88 | 0.0




Solution 14.11

porewater pressure (iPa)
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Exercise 14.12

A concrete hollow box culvert is shown in Figure P14.12. A basement for a building is required
near the culvert. One proposal is to construct a sheetpile wall to surround the excavation, as
shown in Figure P14.12. and pump out the water in the excavation. The lowest groundwater level
profile is as shown in Figure P14.12. The hydraulic conductivity is 2 x 10™ c/s.

(a) Draw the flownet.

(b) Determine the uplift pressure on the box culvert.

(c) Will the culvert be safe against uplift? Assume the frictional resistance per unit length on
each side wall is approximately 0.5K,(Ysat — 1/,,,.)H2 tan (2/3 ¢'cs ). where K, = tan® (45° - ¢'/2)
and ¢'cs = 30°. The unit weight of concrete is 24 KN/m’.

(d) Determine if piping would occur. (Hint: You can calculate the void ratio from the given unit
weight.)

L 3m

Ground surface | |

Im
\ 4 9

4

Center line

-

4m

|- .| Excavation
4dm | v
Culvert wall thickness = 450 mm ] YSTSHS
Your =17.8 kN/m*
Im 8&m
3m

v

Impervious clay




Solution 14.12
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T DATUM
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To find the uplift force use the flow path shown with the arrow in the figure.

Ny 7
N; 3

AH (m) 1

Ah (m) 0.143

Parameters Under base of culvert

x (m) 0 0.5 1 1.5 2 2.5 3 3.5 4
Ng (m) 2.5 3 3.25 | 35 3.8 | 405 | 4.3 4.6 4.8
Ny Ah (m) 036 | 043 | 046 | 050 | 054 | 058 | 0.61 | 0.66 | 0.69
h, (m) 3 -3 3 -3 -3 -3 3 3 -3
:P (m)=AH-NaAh- 364 | 357 | 354 | 350 | 3.46 | 3.42 | 3.39 | 334 | 3.31
u (kPa) = hyy,, 35.74 | 35.04 | 34.69 | 34.34 | 33.92 | 33.56 | 33.21 | 32.79 | 32.51




Since the pore water pressure distribution is approximately linear. the location of the resultant
force is at 4/3 = 1.33 m from left below corner of the culvert.

Uplift force:

0.5
Ry =—-[35.74 + 32,51 + 2(34.69 + 33.91 + 33.21) + 4(35.04 + 34.34 + 33.56 + 32.79)]
= 135.8kN/m

<)
Weight of the culvert =24 < [(4 * 5)—(4-0.9) * (5-0.9)] = 174.96 KN/m

P
Frictional resistance /wall = 0.5 X K;(Ysat — Yw)H? X tan (§¢£S)

s 30
K, = tan® (45° e %) = tan? (45° = 7) =0.33

Frictional resistance
= [(0.5 X 0.33 x 17.8 X 1?) + (0.5 x 0.33(17.8 — 9.8)42)
2
+ (0.5 X 0.33 X 17.8 X 22) + (0.5 X 0.33(17.8 — 9.8)32)] X tan (5 b5 30)

= 17.36 kN/m

Factor of safety = 192.32/135.8 = 1.42

Total resistance = 174.96 + 17.36 = 192.32 kN/m

1.42 > 1.2 uplift would not be expected.

d)
Find “e”.

_Gg+e
Vsat 1te

. _,‘ ‘:’kc}:lvyu,'ﬁ%;.u“.'#&-l

Since imax > ier piping occurs







